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The Crab Nebula has long been the standard reference point source for very-high-energy (VHE, E
> 100GeV) gamma-ray observatories such as VERITAS. It has enabled testing and improvement
of analysis methods, validation of techniques, and has served as a calibration source. No compa-
rable extended source is known with a high, constant flux and well understood morphology. In
order to artificially generate such a source, VERITAS has performed raster scans across the Crab
Nebula. By displacing the source within the field-of-view in a known pattern, it is possible to
generate an extended calibration source for verification of extended source analysis techniques.
The method as well as early results of this novel technique are presented.
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1. Introduction
Since its initial discovery as a very-high-energy (VHE, >100GeV) γ-ray source, the Crab
Nebula has proved to be a very useful calibration source for the verification of systems and pro-
cesses and the development of new techniques. Its main advantages are that it is bright, with a
constant flux (at least to a level that variability has thus far not been detected by any imaging atmo-
spheric Cherenkov Telescope (IACT) [1]) and visible by all the major observatories (allowing for
verification between them). Since the majority of sources observed by IACTs are point sources,
the Crab Nebula (which appears to IACTs as a point source) provides a suitable calibration source
for those objects. However, there is no similar source that is bright, has a constant flux and with a
known, extended morphology available to act as an extended calibration source.
We present a novel method of generating a fake extended source by conducting a raster scan
over the Crab Nebula, this generates an extended source of known flux and morphology allowing
for the verification of extended source analyses. This method is complementary to existing tech-
niques where a simulated source is added to a true background, since it is less reliant on a detailed
understanding of the response of the systems away from the centre of the field of view. This work
presents initial proof of principle tests to show that the method works for the generation of extended
sources and for testing the existing extended source analysis used by VERITAS. In the future, by
varying the scan (or applying time cuts to an existing scan) it will be possible to generate a wide
variety of source morphologies allowing for custom verification of sources and analysis testing. It
will be particularly useful for objects that are expected to show significant morphology (e.g. super-
nova remnants) or those that present significant analysis challenges, for example Geminga which,
as detected by Milagro [2], is expected to almost fill the VERITAS field of view.
2. Methodology
The raster scan is adapted from the software used for the VERITAS mirror alignment [3] and
the star raster scan for relative throughput measurements [4]. It works by adjusting the pointing
corrections of telescopes, thus the telescope still believes that it is pointing in the original direction
though it now has an offset. This allows for the standard analysis method [5] to be used with no
changes, (note that the VERITAS pointing monitors - a set of optical star trackers that are used to
correct for any miss-pointing the the telescopes - are not used else they will correct for the offset
introduced by the scan). The pattern followed by the scan can be adjusted and the code has been
set up so the four telescopes follow the same pattern at the same time.
The observations are conducted in the standard way, with the Crab Nebula offset from the
camera center by 0.5◦ in one of the cardinal directions (N, S, E or W) (Wobble mode) to enable
background estimation from the rest of the camera. Data collection is then started before the raster
scan commences and the run is longer than the length of the scan, this additional time at the start
and the end of the run is removed using time cuts. The pointing of the array is recorded for each
raster position and used to determine the actual pattern followed. From that the apparent location
of the Crab Nebula is determined.
In this initial test, two patterns that are loosely rectangular in shape were used, with different
orientations and offset directions. In the future, the raster program will be updated to generate a
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box in RA/Dec that will allow for multiple scans to be overlaid.
3. Scan Patterns
Two scan patterns were performed (Figures 1a, one wobble N thus the scan does not cross the
camera center, and 1b and one wobble S where it does cross the camera center) with a dwell time of
10s on each point. With 189 pointings in total this gives a scan time of 31.5 minutes. The pattern
was designed with sufficient statistics and a noticeable asymmetry in the shape for verification that
the scan has produced the desired result.
With a “standard” point source analysis, using the same set up as used in this analysis (but
without the extended exclusion regions) the Crab Nebula is detected at a significance of ∼40σ per
sqrt(hour), thus for a 30 minute run we would expect a detection at∼30σ . However, since the Crab
Nebula will be “smeared” over an area, approx 1◦ by 0.5◦, the fraction of the flux that falls within
a test region will be significantly below this, thus though we expect to get a significant detection, it
will be significantly lower than that from the point source. An estimate of the expected significance
can be made for the test region of radius 0.3◦ centred on the true location of the Crab Nebula. Using
values determined from observations of the Crab Nebula conducted using the same analysis set up
we expect a significance of around 12σ )
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(b) Pattern 2
Figure 1: The raster patterns that were employed. The large star indicates the Crab Nebula posi-
tion, the blue crosses are the effective positions of the Crab Nebula for each point in the scan.
4. Skymaps
The standard VERITAS analysis is used with standard gamma/hadron selection cuts to pro-
duce skymaps using the ring background method (where the background region is taken from a
ring surrounding the test position, [6]). In generating the skymap the whole of the area covered
by the effective Crab Nebula positions and identical area centred on ζ -Tauri are excluded from
the background model. For the weaker stars in the field-of-view only the nominal positions are
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excluded since a similar large exclusion region significantly reduces the background available and
the impact of the star is diminished since its effect is smeared out over a larger area.
Two different test region radii are tested, 0.1◦ and 0.3◦, the skymaps of these for each of the
patterns are shown in Figures 2 and 3. They clearly show an extended source that is coincident with
the shape scanned out by the raster process, thus showing that the method has effectively produced
an extended test source. The peak significance in the maps with a test region radius of 0.3◦ is
10-12σ , a reasonable agreement with the simple calculation above, though there are noticeable
variations across the scan due to statistical fluctuations.
The edges of the scan, where the statistics are lower, show larger statistical fluctuations, this is
“smeared out” by the larger test regions creating a smoother shape but they have also had the effect
of reducing the significance of the edges of the scan. This reduces the apparent size of the source
with the high significance region significantly away from the ends of the scan. The significance of
the detection also depends upon the size of the test region, with a larger test region containing a
larger signal, increasing the significance of the detection. If the test region is made larger still then
the significance decreases due to the reduction in the background area available (with a test region
radius of 0.5◦ the peak significance for Pattern 2 drops to about 8).
5. Spectral Reconstruction
A spectral analysis of the region centred on the true Crab position (the central point of
the scan) is shown in Figure 4. Each spectrum was fit with a power law of the form dNdE =
N0
( E
0.6TeV
)−α TeV−1 cm−2 s−1. The Pointed spectrum is the taken from the VERITAS spectrum
presented in [7] but with the fit conducted over the range 0.2 to 1.5TeV.
Run Significance [σ ] N0 α
Pointed 15.62 (1.28±0.04)×10−10 2.30±0.01
Pattern 1 11.68 (5.3±0.6)×10−11 2.4±0.2
Pattern 2 8.93 (4.9±0.7)×10−11 2.6±0.3
Table 1: Crab nebula UVF + RHV observations ∼ 3◦ from a 45% illuminated Moon.
As expected the fluxes from the raster observations are significantly lower than for the standard
Crab Nebula observation since only a fraction of the flux now “originates” within the test region.
An estimate of the fraction of the flux that we would expect can be made by convolving the
raster scan patter with the VERITAS point spread function (0.1◦) and determining the amount
that falls within the test region out of the total flux from the whole object. Correction also has
to be made for the fact that the effective area is generated using a point source whereas this ob-
servation is of an extended source. These calculations show that we would expect the measured
flux to be (Pattern 1/Pattern 2) 46.8%/50.8% of the total flux from the entire source. Applying
these scaling factor to the measured normalisation gives an estimate of N0 from the entire scan of
(1.1±0.1)×10−10/(9.8±1.4)×10−11, these are close to the nominal value.
In the future, by taking more scans and stacking the results the statistical errors will reduce
significantly, this will enable more detailed testing of this method of estimating the flux from the
entire object and further verification of the extended source analysis.
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6. Conclusions
By conducting a raster scan across the Crab Nebula it is possible to generate an ex-
tended source. Since the scan follows a known pattern the morphology of the source is
known and thus it can be used for testing extended source analysis methods. The cen-
tral, 0.3◦ radius region within each scan was fit with a power law of N0 (Pattern 1/Pattern
2) = (5.3±0.6)×10−11/(4.9±0.7)×10−11 TeV−1 cm−2 s−1, α = 2.4±0.2/2.6±0.2, E0 =
0.6TeV. Comparison with a model of the scan showed that this was expected to be
46.8%/50.8% of the total flux from the scan, thus the N0 for the whole region is esti-
mated at (1.1±0.1)×10−10/(9.8±1.4)×10−11 TeV−1 cm−2 s−1. For comparison, the VER-
ITAS Crab Nebula spectrum fitted over the same energy range has a normalisation of
(1.28±0.04)×10−10 TeV−1 cm−2 s−1 and an index of −2.30±0.01. With improvements to the
raster code, multiple scans will be combined to improve the statistics of the method and enable its
use for improved testing of spectral reconstruction and morphology for extended objects.
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(a) Test region radius = 0.1◦
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(b) Test region radius = 0.3◦
Figure 2: Skymap of the Crab Raster Scan for Pattern 1, the nominal Crab positions are the black
dots.
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(a) Test region radius = 0.1◦
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(b) Test region radius = 0.3◦
Figure 3: Skymap of the Crab Raster Scan for Pattern 2, the nominal Crab positions are the black
dots.
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Pattern 1 -- N0  = (5.3±0.6)×10−11 , E0  = 0.6 TeV, α = 2.4±0.2
Pattern 2 -- N0  = (4.9±0.7)×10−11 , E0  = 0.6 TeV, α = 2.6±0.3
Pointed -- N0  = (1.28±0.03)×10−10 , E0  = 0.6 TeV, α = 2.39±0.01
Figure 4: Spectrum from the center of the scan in Pattern 1 - red and Pattern 2 - blue compared
with the VERITAS Crab Nebula spectrum fitted over a the energy range 0.2− 1.5TeV, Pointed -
black. This analysis was conducted with a test region radius of 0.3◦
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